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Growth factors and the extracellular matrix have been shown to ful®ll vital developmental roles in many embryonic
systems. Our hypothesis is that a developmental role played by the extracellular matrix in sea urchins may be the binding
of a PDGF-like growth factor to promote signaling activity. We report here that anti-human PDGF-B antibodies and
anti-human TGF-a antibodies immunoprecipitated speci®c proteins isolated from Lytechinus embryos. Addition of these
antibodies to Lytechinus embryos inhibited gastrulation and spiculogenesis. The embryos are sensitive to the antibodies
from the four-cell through the hatching blastula stages, which suggests that the TGF-a-like and PDGF-like ligands are
required for the early differentiation of the gut and spicules. We present evidence that the PDGF-like growth factor depends
on the extracellular matrix for signaling activity. Synthetic peptides representing the heparan sulfate proteoglycan binding
sequence on human PDGF-B were added to Lytechinus embryo cultures to compete for binding sites with the endogenous
PDGF-like growth factor. The experimental peptide inhibited gastrulation and caused radially arranged multiple spicules
to form. Development was unaffected by a control peptide. These studies support our hypothesis and suggest that TGF-
a-like and PDGF-like growth factors induce signaling events required for sea urchin gastrulation and spiculogenesis and
suggest that an extracellular matrix-associated PDGF-like growth factor is involved in differentiation along the oral±aboral
axis. q 1995 Academic Press, Inc.
INTRODUCTION let-derived growth factor (PDGF) A (long form) and B binds
heparan sulfate proteoglycans (HSP) in mammals (Raines and
The composition and organization of the extracellular ma- Ross, 1992; Kelly et al., 1993). Heparin-binding epidermal
trix (ECM)2 in¯uence cell migration, cell adhesion, differenti- growth factor (HB-EGF) has two independent sites that bind
ation, and other cellular activities (Hay, 1991). A major speci®cally to HSP and the EGF receptor (Besner et al., 1990;
means by which cells respond to the ECM is via speci®c cell Higashiyama et al., 1993). Fibroblast growth factor (FGF)
surface receptors called integrins, which recognize different (Baird and Bohlen, 1990) and transforming growth factor
components of the ECM for transduction of speci®c ECM- (TGF)-b (Andres et al., 1989; Paralkar et al., 1991) also bind
dependent signals. The ECM also in¯uences cellular pro- the ECM. Many of these growth factor signaling pathways
cesses by binding other signal molecules such as growth fac- have been shown to have a profound effect on development.
tors (Schubert, 1992). The region encoded by exon 6 of plate- Mice that lack PDGF receptor-a genes show mesenchymal
de®ciencies (Schatteman et al., 1992; Morrison-Graham et
al., 1992). An interruption of signal transduction by members1 To whom correspondence should be addressed. Fax: (713) 743-
of the EGF pathway inhibits trophoectoderm differentiation2636.
and embryo implantation (Brice et al., 1993; Cross et al.,2 Abbreviations used: bAPN, b-aminopropionitrile; ECM, extra-
1994). In amphibians, FGF-like and TGF-b-like growth fac-cellular matrix; EGF, epidermal growth factor; FGF, ®broblast
tors induce mesoderm formation (Amaya et al., 1991; Hem-growth factor; HSP, heparan sulfate proteoglycan; PDGF, platelet-
derived growth factor; TGF, transforming growth factor. mati-Brivanlou and Melton, 1992).
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The above studies suggest that ECM/growth factor inter- FL). The anti-human PDGF-B and TGF-a antibodies were
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,actions play an important role in development, and the pres-
ent study tests this hypothesis in sea urchins. The sea ur- CA). Synthetic peptides were obtained from Research Ge-
netics (Huntsville, AL). The sequence of the experimentalchin embryo provides an excellent model system to study
these interactions for several reasons. One, the ECM of sea peptide, which represented the HSP binding site of human
PDGF-B (Raines and Ross, 1992), was N-TVRVRRPPK-urchins shows remarkable biochemical and immunological
similarities to the ECM of vertebrate systems (Wessel and GKHRK-C (N-, amino end; G, glycine; H, histidine; K, ly-
sine; P, proline; R, arginine; S, serine; T, threonine; V, va-McClay, 1987); two, different components of the ECM can
be selectively disrupted; three, an intact ECM is crucial for line; Y, tyrosine; and -C, carboxyl end). The sequence of the
peptide which served as a negative control (Raines and Ross,embryonic development; and four, there is evidence sug-
gesting that growth factor signaling pathways are involved 1992) was N-YRGKPRVKTRSRGRP-C. The control peptide
was composed of the same amino acids as the experimentalin sea urchin gastrulation and spiculogenesis (Ramachan-
dran et al., 1993; Cameron et al., 1994). The evidence for peptide but the sequence was ordered such that basic amino
acids alternated with nonbasic amino acids. A mouse mono-the last three points, in part, is based on inhibitor studies.
Inhibition of either sulfated glycosaminoglycan synthesis clonal antibody directed against the experimental peptide
was obtained from Research Genetics. Protease V8 was pur-(Karp and Solursh, 1974), laminin expression (McCarthy and
Burger, 1987), or collagen deposition (Mintz et al., 1981; chased from Sigma (St. Louis, MO). The [35S]methionine
was from Dupont NEN (Wilmington, DE).Blankenship and Benson, 1984; Wessel and McClay, 1987;
Butler et al., 1987) disrupts the entire ECM and results in
the inhibition of gastrulation and spiculogenesis. Addition
Embryo Culturesof the lathrytic agent b-aminopropionitrile (bAPN) inhibits
the collagen crosslinking enzyme lysyl oxidase (Pinnell and Gametes from L. pictus and L. variegatus were obtained
Martin, 1968; Kleinman et al., 1981; Butler et al., 1987). by injection of 0.5 M KCl. Eggs were washed four or ®ve
The lack of crosslinking causes collagen to lose tensile times in arti®cial seawater, fertilized with a dilute sperm
strength and stability and is rapidly removed from the sys- suspension, and cultured as described in Ramachandran et
tem (Wessel and McClay, 1987). bAPN-induced inhibition al. (1993). L. pictus embryos were cultured at 187C, and L.
is reversible, for when bAPN is removed from the culture variegatus embryos were cultured at 217C in 96-well titer
medium, the embryos gastrulate and resume normal devel- plates coated with 1% bovine serum albumin.
opment. ECM disruption by bAPN treatment also inhibits The rabbit polyclonal anti-human PDGF-B and mouse
transcription of the LpS1 (Lytechinus pictus Spec 1) and monoclonal anti-human TGF-a antibodies were added to
LvS1 (Lytechinus variegatus Spec 1) genes, which are ex- the Lytechinus embryo cultures shortly after fertilization
pressed only in the aboral (dorsal) ectoderm cell lineage in at the indicated amounts. The synthetic peptides were also
L. pictus and L. variegatus, respectively (Xiang et al., 1988; added at the indicated concentrations directly after fertiliza-
Wessel et al., 1989). tion.
Addition of human growth factors PDGF-BB and TGF-a
synergistically rescue bAPN-treated/ECM-disrupted em-
Immunoprecipitationsbryos such that development and LpS1 expression resume
(Ramachandran et al., 1993), and the inhibition of PDGF- Cleavage-stage embryos were incubated with 10 mCi/ml
like and EGF-like receptor signaling pathways in the Ly- of [35S]methionine for 6 hr. Preparation of the protein A±
techinus embryo prevents gastrulation and spiculogenesis Sepharose CL-4B beads and the immunoprecipitations were
(Ramachandran et al., 1995). These results suggested that perfomed as described previously (Ramachandran et al.,
PDGF-like and EGF-like pathways play roles in the develop- 1995). The immunoprecipitates were suspended in electro-
mental events of gastrulation, spiculogenesis, and differen- phoresis sample buffer (Sambrook et al., 1989) and resolved
tial gene expression in the sea urchin embryo and further on 15% SDS±polyacrylamide gels (Laemmli, 1970). The gels
suggested that an ECM/growth factor interaction is in- were impregnated with a liquid ¯uor (Dupont NEN), dried,
volved. In this report, we present evidence that PDGF-like and exposed to Kodak X-Omat AR X-ray ®lm. Protease di-
and EGF-like ligands induce signaling required for gastrula- gestions were carried out by incubating the immunoprecipi-
tion and spiculogenesis in the sea urchin embryo, and that tates with 67 mg/ml protease V8 at 377C for 30 min.




Antibodies to Human PDGF-BB Inhibit
Gastrulation and SpiculogenesisMaterials
L. pictus were purchased from Marinus (Long Beach, CA) We wanted to determine whether an antibody speci®c for
human PDGF-B would bind a protein from Lytechinus (Fig.and L. variegatus were obtained from S. Decker (Hollywood,
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L. variegatus cultures shortly after fertilization (Fig. 2). An
untreated, 48-hr control embryo is shown in Fig. 2A. For a
negative control, 3 mg/ml of rabbit IgG was added which
had no effect on development (Fig. 2B). Increased concentra-
tions of the PDGF-B antibody from 1 to 3 mg/ml (Figs. 2C±
2F) produced increased numbers of embryos with a greater
degree of retarded development, although the same range
of morphologies was generated for each antibody concentra-
tion. At the higher concentrations, most of the embryos
were arrested at the mesenchyme blastula stage. Table 1
summarizes the growth factor antibody effects on gastrula-
tion and spiculogenesis at an antibody concentration of 1
mg/ml. The effects on gastrulation and spiculogenesis are
presented separately because the severity on the two devel-
opmental processes were independent. Nevertheless, there
was a strong positive correlation, in that most embryos with
FIG. 1. A rabbit polyclonal anti-human PDGF-B antibody immu- a severely reduced gut also had severely reduced spicules.
noprecipitates a 35.5-kDa protein from L. pictus. Cleavage-stage
Most of the embryos fully recovered upon removal of theembryos were incubated with 10 mCi/ml of [35S]methionine for 6
antibody.hr. Radiolabeled immunoprecipitates (IP) and total proteins (TP)
Alkaline phosphatase activity (seen as a purple color in awere resolved on a 15% SDS±polyacrylamide gel. Control lanes of
localized group of cells) was apparent in most of the PDGFanti-human PDGF-B antibody alone (Ab) and an immunoprecipita-
antibody-treated embryos arrested at the mesenchyme blas-tion carried out with rabbit IgG (IgG) produced no bands. The gel
was saturated with ¯uor, dried, and exposed for 6 days to Kodak tula stage (Fig. 2F) but was not detectable in a small percent-
X-Omat X-ray ®lm. age of the embryos (5%) exposed to the highest levels
of the antibody. The lack of alkaline phosphatase activity
suggests that total blockage of the PDGF-like signaling
pathway prevented early gut differentiation. When the con-
centration of the antibody was lowered and the effects were1). The binding to such a protein would suggest that Lytech-
inus expresses a PDGF-like growth factor and that any ef- less severe, alkaline phosphatase activity was present in the
absence of gut morphogenesis. These latter results suggestfects on development by this antibody would be attributable
to the speci®c interference of a PDGF-like pathway. We that when the PDGF-like signaling pathways were at least
partially operative, gut speci®cation and early differentia-chose anti-PDGF-B antibodies over anti-PDGF-A antibodies
because unlike PDGF-BB, PDGF-AA failed to rescue ECM- tion proceeded but morphogenesis was inhibited.
disrupted embryos (Ramachandran et al., 1993). Total pro-
teins from cleavage-stage embryos were radiolabeled in vivo
with [35S]methionine (Fig. 1, lane labeled TP), incubated Antibodies to Human TGF-a Also Inhibit
with a rabbit polyclonal anti-human PDGF-B antibody to Gastrulation and Spiculogenesis
amino acids 1±30, and prepared for immunoprecipitation.
A single band of 35.5 kDa is displayed on an SDS±polyacryl- Proteins from L. pictus embryos radiolabeled in vivo with
[35S]methionine were incubated with mouse monoclonalamide gel (Fig. 1, lane labeled IP). The apparent size of the
immunoprecipitated protein is near the size range of 28± anti-human TGF-a antibodies (Fig. 3). The results of dupli-
cate experiments are shown, in which the immunoprecipi-35 kDa observed on SDS gels for dimerized PDGF from
mammals (Raines et al., 1990) and of PDGF-related proteins tates were resolved on an SDS±polyacrylamide gel (Figs. 3A
and 3B). A single protein at 37.5 kDa in the lanes markedof 16±17 and 34±36 kDa identi®ed in human wound ¯uid
(Matsuoka and Grotendorst, 1989). The band in Fig. 1 sug- IP suggest that the antibody is speci®c for a Lytechinus
TGF-a-like protein. Note that both TGF-a and EGF bindgests that the Lytechinus PDGF-like protein is approxi-
mately twice as large as mammalian PDGF-B (and similar the EGF receptor in mammals (Burgess, 1989). The immu-
noprecipitated protein on the gel is relatively larger thanin size to PDGF-related proteins), or is nearly the same size
but is in an unreduced, dimerized form of the growth factor. mammalian TGF-a and EGF, in which the mature forms
are approximately 6 kDa, although structurally and func-Controls using the anti-PDGF-B antibody (lane labeled Ab)
and an immunoprecipitation with rabbit IgG (lane labeled tionally TGF-a-related proteins of 24, 40, and 42 kDa have
been isolated from the medium of cultured retrovirus-trans-IgG) did not produce any bands. The single band indicates
that the antibody is binding speci®cally to a PDGF-like formed rat cells (Linsley et al., 1985). The data suggest that
the Lytechinus TGF-a-like protein is several fold larger thanprotein from Lytechinus.
Evidence that a PDGF-like signaling pathway participates mammalian TGF-a, and that it may be similar to a TGF-
a-related protein, or that the immunoprecipitated proteinin gastrulation and spiculogenesis was obtained by adding
the same rabbit polyclonal anti-human PDGF antibody to is an unprocessed form of a TGF-a-like protein. The EGF
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FIG. 2. An anti-human PDGF-B antibody inhibits gastrulation and spiculogenesis (C±F) and arrests development at a mesenchyme
blastula-like stage (E). L. variegatus embryos were cultured for 48 hr as untreated controls (A), as negative controls in the presence of 3
mg/ml of rabbit IgG (B), and in the presence of rabbit polyclonal anti-human PDGF antibody (the same antibody used in Fig. 1) at 1.5 (C),
2.5 (D), and 3 mg/ml (E and F). The antibodies were added shortly after fertilization. The embryo in (F) was stained for alkaline phosphatase
activity, which is evident as a localized purple color in the presumptive endoderm. Disorganized spicules are also evident in (F).
FIG. 4. An anti-human TGF-a antibody inhibits gastrulation and spiculogenesis. L. variegatus embryos were cultured for 48 hr in 1 (A),
2.5 (B), and 3 mg/ml (C) of mouse monoclonal anti-human TGF-a antibody (the same antibody used in Fig. 3), which was added directly
after fertilization. Note that there are two archenterons in (A). Examples of an untreated control and a rabbit IgG-treated negative control
embryo are shown in Figs. 2A and 2B. No alkaline phosphatase activity or spicules are evident in embryos cultured in 3 mg/ml of the
anti-TGF-a antibody (D).
precursor, for example, has a predicted molecular weight as which was generally seen at 1 mg/ml; to a more reduced gut
and spicules at 1.5 mg/ml and 2 mg/ml; to embryos withlarge as 128 kDa (Gray et al., 1983).
Evidence that an EGF-like signaling pathway plays an severely reduced guts and no spicules, typically observed
at 2.5 mg/ml (Fig. 4B) and 3 mg/ml (Fig. 4C). A startlingimportant role in Lytechinus development was provided by
treating embryos with mouse monoclonal anti-human morphology which was rarely seen (less than 1% of the
treated embryos) is shown in Fig. 4A, in which two nearlyTGF-a antibody (Fig. 4). As was seen with the anti-PDGF
antibody, increased amounts of the anti-TGF-a antibody complete archenterons of the same length equally share the
vegetal plate. Alkaline phosphatase activity was absent inproduced increasingly severe effects, and at each concentra-
tion a similar range of morphologies was observed. Control most embryos treated with the higher concentrations of
anti-TGF-a antibody (Fig. 4D). Most of the TGF-a antibody-embryos treated with rabbit IgG at concentrations of 1±3
mg/ml showed no effect (see Fig. 2B for an example). How- treated embryos also recovered upon removal of the anti-
body.ever, the TGF-a antibody did produce somewhat different
morphologies than did the anti-PDGF antibody, and the These results suggest that when EGF-like signaling was
reduced due to the removal of only some of the EGF-likeresults for 1 mg/ml of anti TGF-a are summarized in Table
1. The morphologies ranged from embryos with slightly growth factors at the lower concentrations of anti-TGF-a
antibody, the fate of some cells could be altered to formretarded development resembling late gastrula with a full-
length gut, normal spicules, but no apparent stomodeum an archenteron. This was evident from the two guts that
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TABLE 1
Anti-PDGF-BB and TGF-a Antibodies Inhibit Gastrulation and Spiculogenesis
Treatments (%)a
Morphology Controlb Anti-PDGF-BB Anti-TGF-a
Gastrulation
Occluded blastulac 0 14 38
Hindgut only 0 23 61
Hindgut and midgut 0 39 2
Complete gut 95 25 0
Spiculogenesis
Occluded blastulac 0 14 38
No spicules 0 15 51
Highly reduced spicules 0 59 12
Reduced spicules 0 10 0
Complete spicules 95 3 0
a L. pictus embryos were cultured for 48 hr in 1 mg/ml of the antibodies. The results are from one experiment. N 1000.
b No antibodies were added to control embryos.
c Embryos with blastocoels ®lled with unidenti®ed cells.
sometimes were induced and suggests that an EGF-like level, the determinative and/or early differentiation events
for gut formation and spiculogenesis are inhibited and sug-pathway may be involved in inhibiting gut differentiation
in some cells. When EGF-like signaling activity dropped to gests that a complex interplay of inhibitory and activating
EGF-like signals are involved in gut differentiation.even lower levels at the higher antibody concentrations, no
presumptive endoderm was evident by virtue of the lack of
alkaline phosphatase staining. These data suggest that when
Sensitivity to the Anti-PDGF and TGF-aEGF-like signaling is eliminated or drops below a threshold
Antibodies Is from the Four-Cell to Hatching
Blastula Stages
In order to determine whether the growth factor antibod-
ies were affecting development by disrupting speci®cation
or morphogenetic events, pulse studies were conducted in
which the anti-human PDGF and TGF-a antibodies were
added and removed at different times during development
(Fig. 5). Developmental stages were determined on the basis
of the IgG-treated control embryos (Fig. 5, treatment 1). The
®ve major spatial territories of the sea urchin embryo are
established by the sixth cleavage (Cameron and Davidson,
1991). If the antibodies are affecting development before the
sixth cleavage, the data would suggest that the PDGF-like
and TGF-a-like signaling pathways are involved in the spec-
i®cation of cells fated to form gut and spicules; if after the
sixth cleavage, then the data would suggest that these path-
ways participate primarily in differentiation and morpho-
genesis. Figure 5 shows that the temporal window of sensi-
tivity to both the PDGF and TGF-a antibodies (2.5 mg/ml)
FIG. 3. A mouse monoclonal anti-human TGF-a antibody immu- was sometime between the four-cell to hatching blastula
noprecipitates a protein from L. pictus of 37.5 kDa. Cleavage-stage stages (the second through approximately the seventh or
embryos were incubated with 10 mCi/ml of [35S]methionine for 6
eighth cleavage), which is before the morphogenesis of thehr. Radiolabeled immunoprecipitates (IP) and total proteins (TP)
gut and spicules. When the antibody was present duringwere resolved on a 15% SDS±polyacrylamide gel. Duplicate experi-
this time of development, normal gastrulation and spiculo-ments are shown in which the gels were treated as described in
genesis were inhibited (treatments 2, 3, 9, 10, 11, and 12).the legend to Fig. 1 and exposed to X-ray ®lm for 3 (A) and 11
days (B). When the antibody was removed before the window (treat-
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FIG. 5. L. pictus embryos are sensitive to the anti-human PDGF and anti-human TGF-a antibodies at the four-cell to hatching blastula
stages. Embryos were cultured in the presence of 2.5 mg/ml antibody (hatched bar) or in the absence of the antibody (open bar) for 48 hr.
As controls (treatments 1 and 13), embryos were cultured in the presence of 2.5 mg/ml rabbit IgG (black bar) or no antibody (open bar).
The antibodies were added and removed at the times corresponding to the developmental stages of the control embryos. The effects
produced by the antibody treatments are shown directly to the right of the treatment schedule. Only those embryos continuously exposed
to the growth factor antibodies from the four-cell to the hatching blastula stages were arrested before gastrulation and spiculogenesis.
The developmental stages represented at the top of the ®gure from left to right are fertilized egg, four-cell, hatching blastula, mesenchyme
blastula, gastrula, prism, and pluteus stages.
ment 8) or added after the window (treatments 4, 5, 6, and at the mesenchyme blastula stage. Human PDGF-BB is re-
7), there was no visible effect on development. The embryos quired for the full rescue of ECM-disrupted/mesenchyme
recovered and developed normally to the pluteus stage re- blastula-arrested embryos, and human PDGF-BB is known
gardless of when they were exposed to the antibodies, dem- to bind HSP. These observations are consistent with the
onstrating that the effects of the antibody are reversible. hypothesis that the PDGF-like growth factor of Lytechinus
These experiments were repeated several times with similar binds HSP, which are found in the basal lamina and blasto-
results. These data suggest that the signaling pathways are coel of the embryo (Solursh and Katow, 1982). To test this
involved in the speci®cation of cell types and/or in the early hypothesis, an experimental synthetic peptide was used
differentiation of the gut and spicules. which represented the HSP binding site of human PDGF-B
(Raines and Ross, 1992) for use in competition experiments.
The rationale was that if the HSP binding sites for human
Competition by a Peptide Representing the HSP PDGF and the endogenous PDGF-like growth factor were
Binding Site on PDGF-B Disrupts Gastrulation and similar, and if HSP binding was required for signaling, then
Spiculogenesis an excess of the competitor peptide should prevent the en-
dogenous PDGF-like growth factor from binding and leadThere are several lines of evidence that suggest that the
to a disruption of gastrulation and spiculogenesis.PDGF-like growth factor in Lytechinus binds the HSP of
To demonstrate that the peptide was indeed similar tothe ECM. Disruption of HSP and other ECM components
the HSP-binding site of the PDGF-like growth factor, immu-and antibodies to PDGF and the PDGF receptor cause simi-
lar developmental perturbatons by arresting development noprecipitation experiments were carried out (Fig. 6). Pro-
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following fertilization to determine whether binding to the
ECM by the PDGF-like growth factor was required for nor-
mal development. The effective concentration range was
rather narrow in that below 41 1005 M no effect was notice-
able and above 8 1 1005 M the effect was lethal. A control
peptide, composed of the same amino acids as the experi-
mental peptide but in a different sequential order so that
basic and nonbasic amino acids alternated, was tested at
the same concentrations as the experimental peptide and
had no detectable effect on development (Figs. 7A and 7D).
Competition for the HSP-binding site disrupted gastrulation
and spiculogenesis to produce different morphologies,
which was tabulated for 6 1 1005 M (Table 2). Only 7.5%
of the embryos formed a complete gut, the remainder of the
embryos did not form a gut or formed a partial gut, and
no stomodeum was apparent in any of the experimentally
treated embryos. The experimental peptide caused spiculo-
genesis to be drastically affected (Table 2 and Fig. 7). No
observed embryos formed complete spicules, in that the
spicules were either reduced in size or absent. In approxi-
mately one-third of the embryos, the embryos formed mul-
tiple spicules in a radialized arrangement (Figs. 7C and 7F).
This effect was not seen in any of the antibody treatments.
FIG. 6. A mouse monoclonal antibody against a synthetic peptide These results suggest that binding by the PDGF-like growth
representing the HSP-binding site on human PDGF-B immunopre- factor to HSP is necessary for proper signal transduction.
cipitates a PDGF-like protein from L. pictus. Proteins radiolabeled The studies also suggest that ECM-bound, PDGF-like sig-
in vivo with [35S]methionine for 6 hr were incubated with rabbit naling is required for normal differentiation along the oral±
polyclonal anti-human PDGF-B (lane 1) and mouse monoclonal aboral axis and is reminiscent of the radialization caused
antibodies against the synthetic experimental peptide (lane 3). The by treating sea urchin embryos with nickel (Hardin et al.,
sequence of the experimental peptide is given under Materials and
1992).Methods. The immunoprecipitated PDGF-like proteins of 35.5 kDa
from each incubation are indicated. A portion of the respective
immunoprecipitates was incubated with 67 mg/ml of protease V8
DISCUSSIONat 377C for 30 min (lanes 2 and 4). The protein preparations are
displayed on a 15% SDS±polyacrylamide gel, which was saturated
with a liquid ¯uor, dried, and exposed to ®lm for 14 days. We present studies showing that antibodies to human
PDGF-B and TGF-a disrupt gastrulation and spiculogenesis
in the Lytechinus embryo. Each of the antibodies immuno-
precipitate a single protein, suggesting that the antibodies
are speci®c. In the case of the Lytechinus PDGF-like growthteins radiolabeled in vivo with [35S]methionine were incu-
bated with the rabbit polyclonal anti-human PDGF-B anti- factor, peptide mapping showed that two antibodies di-
rected against different regions of human PDGF-B (one ofbody (the lane labeled PDGF and a repeat of the experiment
shown in Fig. 1) and with a mouse monoclonal antibody the antibodies recognizes the HSP-binding site on human
PDGF-B, and the other antibody recognizes the amino endraised against the synthetic peptide (the lane labeled PDGF/
ECM). Both antibodies immunoprecipitated a single protein of mature human PDGF-B) immunoprecipitated the same
protein. Together, these results suggest that the sea urchinof 35.5 kDa. A portion of each immunoprecipitate was
treated with protease V8, which produced the same pattern and human PDGF and TGF-a growth factors are similar and
that the Lytechinus PDGF-like growth factor has an HSPof proteolytically digested fragments (the lanes labeled
PDGF/V8 and PDGF/ECM/V8). Identical results from two binding site. This latter notion was supported by studies
showing that synthetic peptides representing the HSP bind-different anti-PDGF antibodies strongly suggest that the Ly-
techinus embryo possesses a PDGF-like growth factor, ing site on human PDGF-B disrupted gastrulation and spicu-
logenesis, which suggests that at least a portion of thewhich in turn has a region similar to the HSP-binding site
of human PDGF-B. These results also suggest that the PDGF-like growth factors in Lytechinus requires binding to
the ECM for proper signaling activity. The antibodies ex-PDGF-like growth factor binds HSP and that the peptide
would speci®cally inhibit binding by the PDGF-like growth erted their disruptive effect from the four-cell to the hatch-
ing blastula stages, suggesting that PDGF-like and TGF-a-factor and not that of other HSP-binding proteins.
The peptides at 4 1 1005 M (Figs. 7A±7C) and 8 1 1005 M like signaling are required for the speci®cation and/or very
early differentiation events involved in gut and spicule for-(Figs. 7D±7F) were added to cultures of Lytechinus embryos
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FIG. 7. Addition of a peptide representing the HSP-binding site on human PDGF-B inhibits gut and spicule formation in embryos of L.
pictus. The synthetic peptides were added to 4 1 1005 M in A, B, and C and to 8 1 1005 M in C, D, and E directly after fertilization. The
control peptide described under Materials and Methods (A and D) had no detectable effect on development. The experimental peptide
caused reduced (B, C, and E) or complete inhibition of gut formation (F); and reduced (B and E) or highly reduced and multiple, radialized
spicules to form (C and F). Arrows point to the reduced spicules.
mation. These results support our hypothesis that PDGF- genesis in the embryo. The anti-PDGF and TGF-a antibod-
like and TGF-a-like signaling pathways play major roles in ies produced a range of morphologies over a gradation of
sea urchin gastrulation, spiculogenesis, and gene regulation. concentrations. At the highest concentrations (Figs. 2E and
The hypothesis now includes the corollary that the PDGF- 4D), most of the embryos arrested at the mesenchyme blas-
like growth factor requires binding to the ECM for signaling tula stage, mimicking the effect produced by ECM disrup-
activity. tion (Wessel et al., 1989) and treatment with anti-PDGF
receptor antibody (Ramachandran et al., 1995). These re-
sults are consistent with the hypothesis that PDGF-like and
Expression of the PDGF-like and TGF-a-like TGF-a-like signaling pathways are involved in the early
Growth Factors in the Lytechinus Embryo differentiation of the embryo. The wide range of morpholog-
ies produced by the antibody treatments suggested thatTwo different antibodies against human PDGF-B (the
there are different Lytechinus PDGF-like and TGF-a-like®rst, a polyclonal antibody to amino acids 1±30; and the
ligands or subgroups of ligands. The different ligands may besecond, a monoclonal antibody to the HSP binding site rep-
recognized with different binding af®nities or have varyingresenting amino acids 80±93) immunoprecipitated the
degrees of accessibility to the antibodies. Only at the highersame protein as ascertained by protease V8 digestion pat-
antibody concentrations are the low-af®nity or less accessi-terns (Fig. 6). These data indicated that the antibodies cross-
ble ligands prevented from binding the corresponding recep-reacted speci®cally to a PDGF-like growth factor from L.
tor. As the concentration of the antibody is increased, morepictus and and that the human and sea urchin forms of
of the growth factor is inhibited from binding the receptorPDGF are conserved. A monoclonal anti-human TGF-a an-
and the effects on development become more severe. Twotibody also immunoprecipitated a single Lytechinus pro-
subgroups of the PDGF-like growth factors may be thosetein, suggesting a high degree of similarity between the hu-
bound to the ECM and those that are unbound. These sub-man and sea urchin forms.
These same antibodies inhibited gastrulation and spiculo- group classi®cations are based on the results indicating that
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TABLE 2
Peptides Representing the HSP-Binding Region of PDGF-B Inhibit Gastrulation and Spiculogenesis
Treatments (%)a
Morphology Control peptideb Experimental peptidec
Gastrulation
Occluded blastulad 4 (8) 11.5 (23)
Hindgut only 0 (0) 47 (94)
Hindgut and midgut 4 (8) 34 (68)
Complete gut 92 (184) 7.5 (15)
Spiculogenesis
Occluded blastulad 4 (8) 11.5 (23)
No spicules 0 (0) 4 (8)
Highly reduced spicules 0 (0) 28.5 (57)
Reduced spicules 4 (8) 56 (112)
Complete spicules 92 (184) 0 (0)
a L. pictus embryos were cultured for 48 hr in 6 1 1005 M peptides. The number of scored embryos is in parentheses. The results are
from one experiment.
b The control peptide was of the sequence N-YRGKPRVKTRSRGRP-C.
c The experimental peptide was of the sequence N-TVRRPPKGKHRK-C.
d Embryos with blastocoels ®lled with unidenti®ed cells.
the anti-PDGF antibody and PDGF/ECM peptide treat- disrupt differentiation along the oral±aboral axis, including
sodium dodecyl sulfate (Gustafson and SaÈvhagen, 1949), 8-ments produced different developmental abnormalities.
The antibody treatments presumably represent the broader chloroxanthine (HoÈ rstadius and Gustafson, 1954), NiCl2
(Rulon, 1953; Hardin et al., 1992), and stimulation of aneffects of inhibiting PDGF-like activity.
The growth factor antibodies affected development from introduced serotonin-mediated signal transduction path-
way (Cameron et al., 1994). These studies have shown thatthe four-cell to the hatching blastula stages, whereas the
temporal window of sensitivity of the corresponding recep- many cells are not committed to the oral and aboral ecto-
derm cell lineages until later in development. For example,tor antibodies was from the hatching blastula to the gastrula
stages (Ramachandran et al., 1995). The period of overlap based on morphological criteria and cell markers, the nickel
treatment shifted cell committment to oral structures andbetween the two antibody treatments is the hatching blas-
tula stage (seventh/eighth cleavage stage) and may represent to oral ectoderm-speci®c gene expression, and the primary
mesenchyme cells formed a ring to produce multiple spic-the time when these growth factor signals are required for
their developmental roles. The hatching blastula stage fol- ules in a radialized manner (Hardin et al., 1992). Our studies
showed that the addition of a peptide representing thelows the establishment of the ®ve spatial territories, and
taken together, these data suggest that the transduced sig- PDGF/ECM binding site also produced L. pictus embryos
with multiple, radially arranged spicules. These resulltsnals are required for the early differentiation of the gut and
spicules. The signaling pathways may also play roles in later suggested that commitment to the oral±aboral axis by the
primary mesenchyme cells requires signal transduction ini-speci®cation events. Ramachandran et al. (1995) showed
that IgG antibodies enter the blastocoel as late as the early tiated by the PDGF-like growth factor, and that at least a
subset of the PDGF-like growth factors requires binding toto mid gastrula stage of development, which occurs later
than the temporal window of sensitivity. Thus, the possibil- HSP for signaling activity.
ity that a lack of growth factor antibody accessibility into
the blastocoel does not apply in de®ning the window.
Growth Factor/ECM Interactions
Agents that interrupt ECM formation arrest developmentDifferentiation along the Oral ±Aboral Axis
at the mesenchyme blastula stage (Karp and Solrush, 1974;
Wessel and McClay, 1987; McCarthy and Burger, 1987;The oral±aboral axis is speci®ed by the 2-cell stage in
Strongylocentrotus purpuratus (Cameron et al., 1994). Wessel et al., 1989; Benson et al., 1991). These results sug-
gest that some, possibly many, developmental processes areFounder cells arise by the 32-cell stage to establish the oral
and aboral ectoderm cell lineages that do not cross the speci- dependent on an intact ECM, and that a global effect is
exerted by ECM disruption because all ECM-dependent cel-®ed oral±aboral boundary. There are several treatments that
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